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Abstract
We present GoSam 2.0, a fully automated framework for the generation and evaluation of one loop amplitudes in
multi leg processes. The new version oﬀers numerous improvements both on generational aspects as well as on the
reduction side. This leads to a faster and more stable code for calculations within and beyond the Standard Model.
Furthermore it contains the extended version of the standardized interface to Monte Carlo programs which allows
for an easy combination with other existing tools. We brieﬂy describe the conceptual innovations and present some
phenomenological results.
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1. Introduction
Two of the main challenges for the upcoming run
2 of the LHC will be a more precise determination of
the Higgs [1, 2] properties and its couplings to bosons
and fermions as well as the continued searches for new
physics.
Both cases require a precise prediction for both signal
and background processes. This particularly includes
the calculation of next-to-leading order corrections in
QCD. One of the main bottlenecks of such a computa-
tion is the calculation of the virtual one loop amplitude.
The complexity and the need for having reliable tools
for a large variety of diﬀerent processes has lead to the
development of multi-purpose automated tools. An ex-
ample of such a tool is the GoSam package [3] that fo-
cuses on the eﬃcient generation and numerical evalua-
tion of one loop amplitudes. The continious reﬁnement
and extension of the existing package has lead to the
publication of the version 2.0 [4]. In this talk we will
describe the improvements and new features contained
in the the new version and present selected results that
have been obtained with GoSam 2.0.
2. New features in GoSam 2.0
2.1. Improvements in code generation
2.1.1. Code optimisation with FORM
GoSam generates an algebraic expression for each
amplitude which is written in a Fortran90 ﬁle. It is ob-
vious that the time needed to evaluate a single phase
space point is highly dependent on how optimised the
expression is written. In the ﬁrst version the generation
of an optimised expression has been done with the help
of haggies [5]. In the new version we make use of new
features provided by FORM version 4.x [6]. The new
features result in a more compact code and a gain in
speed of up to an order of magnitude.
2.1.2. Summing of diagrams with common subdia-
grams
In order to improve the eﬃciency and the evalua-
tion time, GoSam 2.0 is able to automatically sum al-
gebraically diagrams that exhibit a similar structure to
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a ’meta-diagram’, which is then treated as a single dia-
gram. In particular, diagrams that diﬀer only by a prop-
agator, which is not in the loop (e.g. Z vs. γ), are
summed. Also diagrams with the same loop, but with a
diﬀerent external tree part are summed up. In the same
way, diagrams, that share the same set of loop propaga-
tors but with diﬀerent particle content in the loop, are
combined to a single diagram.
This summing is controlled by the option diagsum,
which is set to True by default.
2.1.3. Numerical polarisation vectors
To reduce the size of the code, numerical polar-
isation vectors are used for massless gauge bosons.
This means that an algebraic expression is only writ-
ten for a minimal set of helicity combinations and not
for each combination separately. Per default this op-
tion is used, however it can be switched oﬀ by setting
polvec=explicit.
2.2. Improvements in the reduction
2.2.1. New reduction method
The default reduction method in GoSam 2.0 is
NINJA [7, 8, 9]. It is a further improvement of the inte-
grand reduction method [10, 11, 12], based on the idea,
that the coeﬃcients of the residues of a loop integral
can be extracted in a more eﬃcient way by performing
a Laurent expansion of the integrand. This methods re-
quires less numerical sampling and therefore leads to a
faster and more stable reduction.
2.2.2. Higher rank integrals
The tensor integral of a one loop calculation can be
written in a very general form as
In,μ1,...μrN (S ) =
∫
dnk
kμ1 ...kμr∏N
i=1
(
(k + ri)2 − m2i + iδ
) (1)
In the Standard Model the maximal value for r is r = N.
However, in BSM theories and eﬀective theories, larger
values for r can occur. Therefore, the libraries NINJA [7,
8, 9], GOLEM95 [13, 14, 15, 16] and SAMURAI [17] have
been extended to deal with the case of r = N + 1. This
is an important ingredient for Higgs production in gluon
fusion which we discuss later.
2.2.3. The derive extension
The new version contains an improved tensorial re-
construction, based on the idea that the numerator can
be Taylor expanded around q = 0,
N(q) = N(0)
+qμ
∂
∂qμ
N(q)|q=0
+
1
2!
qμqν
∂
∂qμ
∂
∂qν
N(q)|q=0 + . . . . (2)
This allows to read oﬀ the coeﬃcients of the tensor in-
tegrals. It leads to a further improvement of the speed
and the precision of the tensorial reconstruction.
2.2.4. Electroweak scheme choices
There are a various number of electroweak schemes,
depending on which parameters are used as input pa-
rameters and which parameters are derived from the
input paramaters. A consistent treatment requires that
a minimal set of input parameters are given, and all
other parameters are then derived. GoSam 2.0 allows
to choose all possible sets of consistent schemes and the
remaining parameters are then automatically derived.
2.2.5. Rescue system
The new release contains a rescue system to auto-
matically detect and rescue numerically unstable points.
Unstable points are triggered by an insuﬃcient cancella-
tion of infrared poles. Several checks and re-evaluation
with diﬀerent reduction methods can then be performed.
For further details, see Refs. [4, 8].
2.3. New ranges of applicability
2.3.1. Color- and spin-correlated matrix elements
The use of subtraction methods for NLO calculations
require the calculation of color- and spin-correlated ma-
trix elements, i.e. born-like matrix elements with either
a modiﬁed color structure or the combination of ampli-
tudes where the helicity of one external leg is ﬂipped.
The color correlated matrix elements are deﬁned as
Ci j = 〈M|TiT j|M〉 , (3)
and the spin-correlated matrix element are deﬁned as
S i j = 〈M,−|TiT j|M,+〉 . (4)
Bot color- and spin-correlated matrix elements contain
implicitly the sum over all helicities, only the helicities
with the indices i and j are ﬁxed, i.e.
〈Mi,−|Ti · T j|Mi,+〉 = (5)∑
λ1,...,λi−1,λi+1,...,λn
〈Mλ1,...,λi−1,−,λi+1,...,λn |Ti · T j|Mλ1,...,λi−1,+,λi+1,...,λn〉 .
In the new release, GoSam is able to generate these ma-
trix elements and the information can be passed via the
BLHA2 interface [18].
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2.3.2. Complex mass scheme
A gauge invariant treatment of massive gauge bosons
requires the use of the complex mass scheme, where the
widths also enter in the deﬁnition of the weak mixing
angle. The masses of the bosons are given by
m2V → μ2V = m2V − imVΓV , V = W, Z . (6)
In order to maintain gauge invariance this aﬀects the
deﬁnition of the Weinberg angle:
cos θ2W =
μ2W
μ2Z
. (7)
The complex mass scheme is implemented in
GoSam via new models called sm complex and
smdiag complex, depending on whether one wants to
use the full CKM matrix or a unit matrix.
3. Phenomenological applications
The new version GoSam 2.0 has been recently used
in a sizeable number of challenging calculations of both
within and beyond the Standard Model [19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30]. In this talk we discuss
the calculation of Higgs plus jets in gluon fusion and the
calculation of a neutralino pair in association with a jet
in the MSSM.
3.1. Higgs plus jets in gluon fusion
The gluon fusion channel is the dominant produc-
tion mechanism of a Standard Model Higgs at the LHC.
Even if one is interested in the vector boson fusion
channel the gluon fusion mechanism is an irreducible
background and therefore its precise determination is
mandatory. In particular we have calculated the NLO
QCD corrections to H + 2 [20] and H + 3 [22], and a
comparison between the two processes has been studied
in Ref. [30]. For the H + 2 jets process the results have
been obtained by interfacing GoSam with Sherpa [31]
via the BLHA interface [32]. In the case of H + 3 jets
we have used MadGraph [33, 34] for the real emission
matrix element, and MadDipole [35, 36] for the genera-
tion of the dipoles and the integrated subtraction terms.
The phase space integration for these pieces has been
performed using MadEvent [37], for the tree-level con-
tribution and the integration of the virtual amplitude we
have again used Sherpa.
We have obtained the numerical results with a basic
setup of 8 TeV center of mass energy, basic cuts on the
jets with pT > 30 GeV, η < 4.4 and an anti-kt jet algo-
rithm [38, 39] of R = 0.4. Renormalization- and factor-
ization scales have been chosen to be equal and set to
μF = μR =
HˆT
2 =
1
2
(√
m2H + p
2
T,H +
∑
i |pT,i|
)
. For the
LO PDFs we have used the cteq6l1 pdf set, for the NLO
PDFs we have used the ct10nlo pdf set.
The main results on the level of total cross sections are
summarized in Table 1. Both processes show a sizeable
global K-factor of roughly 1.3 which stresses the im-
portance of including the NLO QCD corrections. The
K-factor increases if NLO PDFs are used for both LO
and NLO calculation. One interesting aspect is the fact
that if one looks at the ratios of the total cross sections
of H+3 over H+2 they show, they are to a very good ap-
proximation constant, independent whether one looks at
the ratio of LO cross sections with LO or NLO pdfs or
at NLO cross sections.
The comparison between the two processes allows to
asses the eﬀects of the additional jet on Higgs observ-
ables. Two examples are shown in Fig.1, namely the
rapidity and the pT distribution of the Higgs. Looking
at the ratios allows us to asses the eﬀect of the third jet
on the observables. The ratio plots are normalized to
the H + 2 result. One can see that the rapidity distribu-
tion is rather insensitive to the radiation of an additional
jet, whereas the pT distribution shows a clear increase
of the importance of the third jet on the Higgs pT in the
high-pT region. The reason for this increase is a mere
phase space argument. A high pT for the Higgs can be
more easily obtained by distributing the necessary re-
coil pT on three jets rather than on two. The high pT
phase space points are almost evenly distributed in ra-
pidity space, therefore there is hardly any eﬀect visible.
3.2. Neutralino pair production in association with a
jet
An example for a highly non-trivial BSM process is
the production of a pair of the lightest neutralinos in as-
sociation with a jet [19]. We have calculated the Susy-
QCD corrections to this process in the MSSM [19]. The
neutralino is the LSP which makes this process lead to
the simple experimental signature of missing energy and
a mono-jet. From a calculational point of view it is
a very challenging process as it contains several mass
scales. And as full oﬀ-shell eﬀects are taken into ac-
count one has to deal with a non-trivial resonance struc-
ture. The most complicated loop diagrams involve rank
3 pentagons 4 internal masses. Concerning the com-
putational setup GoSam has been used for the gener-
ation of the virtual one loop amplitude. In order to
deal with a certain model (SM, MSSM, etc.) GoSam
requires the presence of a model ﬁle, that contains the
Feynman rules of that model. Per default GoSam only
contains model ﬁles for various versions of the Standard
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Sample Cross sections for Higgs boson plus
K-factor ≥ 2 jets f3 ≥ 3 jets r3/2
LO
H+2-jet2 (LO PDFs) 1.23 +37%−24%
H+3-jets (LO PDFs) (0.381) 1.0 0.381 +53%−32% 0.310
0.347
0.278
H+2-jets (NLO PDFs) 0.970 +33%−23%
H+3-jets (NLO PDFs) (0.286) 1.0 0.286 +50%−31% 0.295
0.332
0.265
NLO
H+2-jets 1.590 −4%−7% 0.182 0.289
+49%
−31%
H+3-jets (0.485) 1.0 0.485 −3%−13% 0.305
0.307
0.284
K2, K3 (LO PDFs for LO) 1.29 0.9111.59 1.27
0.806
1.63
K2, K3 (NLO PDFs for LO) 1.64 1.191.98 1.70
1.10
2.13
Table 1: Cross sections in pb for the various parton-level Higgs boson plus jet samples used in this study. The upper and lower parts of the table
show the LO and NLO results, respectively, together with their uncertainties (in percent) from varying scales by factors of two, up (subscript
position) and down (superscript position). NLO-to-LO K-factors, Kn, for both the inclusive 2-jets (n = 2) and 3-jets (n = 3) bin, the cross section
ratio r3/2 and m-jet fractions, fm, are given in addition.
Model, however new models can easily be imported
with the help of Feynrules [40] which can be used to
write a model ﬁle in the UFO format [41]. A model ﬁle
in this format is automatically understood by GoSam.
Four our studies we chose a pragmatic and experimen-
tally motivated parameterisation of Susy, known as the
phenomenological MSSM (pMSSM) [42, 43, 44], in a
variant involving 19 free parameters (p19MSSM). The
relevant Susy parameters are given in Table 2.
The calculation of the UV counter terms has been
done separately. Tree-level and real emission matrix el-
ements have been calculated using MadGraph, for the
subtraction terms we have used MadDipole.
For processes involving unstable particles, the proper
deﬁnition of the set of diagrams contributing to the next-
to-leading order corrections is not obvious. There are
problems of double counting as diagrams with addi-
tional real radiation from the unstable particle in the ﬁ-
nal state can, if it becomes resonant, also be regarded as
part of a leading order process with the decay already in-
cluded in the narrow width approximation. More specif-
ically, in the real emission contribution there is the pos-
sibility of producing a squark pair, where the squarks
decay into a quark and a neutralino. Close to the res-
onance, this contribution gets quite large, and in fact
SUSY Parameters
Mχ˜01 = 299.5 Γχ˜01 = 0
Mg˜ = 415.9 Γg˜ = 4.801
Mu˜L = 339.8 Γu˜L = 0.002562
Mu˜R = 396.1 Γu˜R = 0.1696
Md˜L = 348.3 Γd˜L = 0.003556
Md˜R = 392.5 Γd˜R = 0.04004
Mb˜L = 2518.0 Γb˜L = 158.1
Mb˜R = 2541.8 Γb˜R = 161.0
Mt˜L = 2403.7 Γt˜L = 148.5
Mt˜R = 2668.6 Γt˜R = 182.9
Table 2: Masses and widths of the supersymmetric particles for the
benchmark point used. The second generation of squarks is degener-
ate with the ﬁrst generation of squarks. All parameters are given in
GeV.
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Figure 1: Rapidity and pT -distribution of the Higgs for H + 2 and
H + 3 at NLO. The ratios are normalized to the H + 2 result.
should rather be counted as a leading order contribution
to squark pair production with subsequent squark decay,
because here we are interested in the radiative correc-
tions to the ﬁnal state of a monojet in association with a
neutralino pair.
Therefore the calculation was carried out in two diﬀer-
ent ways. In the ﬁrst approach we take into account
all possible diagrams leading to the required ﬁnal state
consisting of two neutralinos and two QCD partons. In
particular this includes the possibility of having two on-
shell squarks. In the second approach we remove the
diagrams with two squarks in the s-channel from the
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Figure 2: Normalized distributions showing the transverse momentum
distribution of the leading jet at
√
s = 8 TeV, comparing the cases
where the resonant diagrams are included to the ones where they are
subtracted.
amplitude. In general, the removal of diagrams leads
to a violation of gauge invariance, however one can
show that gauge invariance ist still preserved for a large
class of gauges [19] or found to lead to a small eﬀect
only [45].
The diﬀerence between the two approaches in case
of the pT of the jet is shown in Fig. 2. The distribu-
tion is normalized to the total cross section. The curve
in blue shows the distribution at leading order, the red
curve shows the NLO distribution where the doubly res-
onant squark pair diagrams have been removed. The
green curve shows the full result, also taking these res-
onant diagrams into account. As can be clearly seen
these resonant diagrams lead to a huge enhancement
spoiling the perturbative convergence. Subtracting the
diagrams then leads to a well-behaved perturbative ex-
pansion. For a more detailed phenomenology of this
process we refer to Ref. [19].
4. Conclusions
In this talk we have presented the new release of
GoSam, which contains a multitude of improvements
compared to the previous version. Reﬁnements have
been made in the context of diagram generation as well
as on the reduction side, both leading to a substantial
gain in generation time, size of the code and the time
needed for the evaluation of a phase space point. New
reduction mechanisms and a rescue system have lead to
a more stable and reliable performance. We have dis-
cussed the new features and as selected examples for
recent phenomenological applications we presented the
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calculations of Higgs plus jets in gluon fusion and the
production of a neutralino pair plus one jet in the con-
text of the MSSM.
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